In every organism, GTP-binding proteins control many aspects of cell signaling. Here, we examine in silico several GTPase families from the Strongylocentrotus purpuratus genome: the monomeric Ras superfamily, the heterotrimeric G proteins, the dynamin superfamily, the SRP/SR family, and the "protein biosynthesis" translational GTPases. Identified were 174 GTPases, of which over 90% are expressed in the embryo as shown by tiling array and expressed sequence tag data. Phylogenomic comparisons restricted to Drosophila, Ciona, and humans (protostomes, urochordates, and vertebrates, respectively) revealed both common and unique elements in the expected composition of these families. Gα and dynamin families contain vertebrate expansions, consistent with whole genome duplications, whereas SRP/SR and translational GTPases are highly conserved. Unexpectedly, Ras superfamily analyses revealed several large (5+) lineage-specific expansions in the sea urchin. For Rho, Rab, Arf, and Ras subfamilies, comparing total human gene numbers to the number of sea urchin genes with vertebrate orthologs suggests reduced genomic complexity in the sea urchin. However, gene duplications in the sea urchin increase overall numbers such that total sea urchin gene numbers approximate vertebrate gene numbers for each monomeric GTPase family. These findings suggest that lineage-specific expansions may be an important component of genomic evolution in signal transduction.
Introduction GTP-binding proteins comprise an important class of molecules that regulate a multitude of biological processes, from cell division and pheromone signaling to vesicle fusion and protein synthesis. GTPases are integral components of virtually every known signal transduction pathway, including Wnt (see Croce et al., 2006, this issue) , JNK and MAPK pathways (see Bradham et al., 2006, this issue) , Hedgehog and Notch signaling (see Walton et al., 2006, this issue) , and TGFβ signaling (see Lepage et al., 2006, this issue) . This diversity speaks to the versatility of the GTPase molecular switch, which cycles between an inactive GDP-bound form and an active GTP-bound form that undergoes a conformational change allowing for interaction with downstream effectors (Wennerberg et al., 2005) .
Despite their many differences in both structure and function, all GTP-binding proteins share a common motif, classically known as the G domain, which binds guanine nucleotide and hydrolyzes GTP (Kjeldgaard et al., 1996) . These activities are typically regulated at the protein level by guanine nucleotide exchange factors (GEFs), which promote the exchange of GDP to GTP to drive the active form (Hoffman and Cerione, 2002; Paduch et al., 2001) , and GTPase activating proteins (GAPs), which catalyze the intrinsic GTP hydrolysis activity leading to inactivation (Scheffzek and Ahmadian, 2005) . This regulation is illustrated by the classical cycle of Ras GTPase activity (Fig. 1) . In this manner, GTP-binding proteins are able to provide precise and immediate control of cellular responses with existing proteins.
Given their prevalence in signaling, it is not surprising that mutations in, or altered activity of, GTPases often cause disease.
Bacterial toxins that interfere with GTPase function are responsible for both cholera and whooping cough, altering G s α and G i α activity respectively (Farfel et al., 1999) . Autoimmune diseases also target GTP-binding proteins, as in polymyositis where SRP-54 autoantibodies are produced (Romisch et al., 2006) . The hereditary diseases autosomal dominant optic atrophy and hereditary spastic paraplegia are caused by mutations in the dynamin related proteins OPA1 and atlastin, respectively (Namekawa et al., 2006; Votruba et al., 2003) . Furthermore, mutations in eIF2B (the GEF for eIF2) lead to severe neurodegenerative disease (Abbott and Proud, 2004) , However, historically GTPases are best known as oncogenes. For example, the founding members of the Ras superfamily were identified originally as sarcoma-inducing oncogenes (Malumbres and Barbacid, 2003) . The three Ras genes (N-Ras, K-Ras and H-Ras) are mutationally activated in ∼ 30% of all human cancers (Adjei, 2001) , whereas Rho GTPases, while not mutated, are aberrantly activated in human cancers by overexpression or altered regulator function (Sahai and Marshall, 2002) .
A survey of GTPases in the sea urchin should provide evolutionary insights into these disease mechanisms, as well as aid those utilizing the sea urchin to investigate the many associated signaling pathways. This analysis covers five classes of GTP-binding proteins in the sea urchin embryo: the Ras superfamily, the heterotrimeric G proteins, the dynamin superfamily, the SRP/SR GTPases, and the translational GTPases. Although many of the signaling pathways in which these GTPases function are conserved between sea urchins and humans, humans often have more overall gene numbers. For instance, the 19 human Wnt genes correspond to only 11 Wnt genes identified in the sea urchin . Annotation of the sea urchin genome presents an ideal opportunity for the comprehensive investigation of genomic complexity among sea urchin GTP-binding proteins.
Escherichia coli have roughly 3200 genes, while humans are estimated to have approximately 24,500 (Blattner et al., 1997; Consortium, 2004) . One theory for why such a difference exists suggests genetic complexity "mirrors" organismal complexity (Adami, 2002) . By this logic, sea urchins as non-chordate deuterostomes should have fewer genes per gene family than the vertebrate humans. Indeed, evidence suggests that two wholegenome duplications occurred early in vertebrate evolution (the 2R hypothesis), after the protostome/deuterostome split but before the appearance of bony vertebrates (Taylor and Raes, 2004) . And with some exceptions (most notably Caenorhabditis elegans), it does appear that gene number increases with organism complexity (Phillips, 2004) . To further examine this reduced complexity prediction in the sea urchin, phylogenomic comparisons were performed using Drosophila, Ciona, and human genes to assess the genomic profile of the five main classes of GTP-binding proteins.
Methods

Sea urchin GTPase sequence identification
Human protein sequences were used to search (blastp or tblastn) the Strongylocentrotus purpuratus GLEAN3 prediction database and/or the EST database through the Baylor College of Medicine Human Genome Sequencing Center (http://www.hgsc.bcm.tmc.edu). Predicted sea urchin protein sequences identified were reciprocally compared (tblastn) against the non-redundant NCBI database (Altschul et al., 1997) . For certain genes, pfam predictions (Bateman et al., 2004) were used to identify sequences with specific domains and/or gene identity was tested by alignment using MultAlin (Corpet, 1988) . In all cases, phylogenic analysis was used to determine gene assignment. Embryonic gene expression was identified by tiling array (Samanta et al., 2006, this issue) and/or EST data. Assigned name, SU designation, scaffold, contig, and best blast hit information for all identified GTP-binding and associated proteins are listed in Table S1 .
Motif identification
Where appropriate, identified urchin sequences were examined for known domains using the NCBI Conserved Domain Database (Marchler-Bauer et al., 2005) and/or the Pfam database (Bateman et al., 2004) .
Ortholog sequence identification
Protein sequences for human, Ciona intestinalis, and Drosophila melanogaster family members were obtained using the Ensembl database (Birney et al., 2006) , the NCBI Entrez Protein Database (http://www.ncbi.nlm.nih.gov/entrez/ query.fcgi?db=Protein) and/or the Human Protein Reference Database (Peri et al., 2003) . Ciona sequences were also obtained using ANISEED (http:// crfb.univ-mrs.fr/aniseed/index.php), and some Drosophila sequences using FlyBase (Drysdale and Crosby, 2005) . SRP/SR protein sequences were obtained using the SRPDB (Rosenblad et al., 2003) . Gene synonyms were obtained from the MGI Database (Blake et al., 2006) and/or HPRD (Peri et al., 2003) .
Molecular phylogenetic analysis
Sequences were aligned using ClustalX-1.83.1 (Thompson et al., 1997) , manually checking alignment as needed using MacClade 4.05 (Maddison and Maddison, 2000) . Alignments in nexus format were used to construct phylogenetic trees. Trees for whole families were calculated using PAUP 4.0b10 (Swofford, 1998) based on neighbor-joining method with bootstrap replicates of 1000. For partial family trees, the neighbor-joining method was used as above, with bootstrap replicates of 5000, and nodes were confirmed by three additional methods: maximum parsimony, using PAUP 4.0b10 (Swofford, 1998) ; Bayesian, using Mr. Bayes v.3.1.1 (Huelsenbeck et al., 2001; Ronquist and Huelsenbeck, 2003) ; and maximum likelihood, using RAxML VI-1.0 (Stamatakis et al., 2005) . For parsimony, 1000 bootstrap replicates were used. For Bayesian trees, a "mixed" amino acid substitution model was used, and analyses run for 500,000 generations (sampling frequency of 100, burnin of 500). For maximum likelihood trees, the Jones-Taylor-Thornton model of amino acid substitution was used, with otherwise default settings. Hs (Homo sapiens), Sp (S. purpuratus), Dm (D. melanogaster), and Ci (C. intestinalis). 
Results and discussion
We identified 174 GTPase genes in the sea urchin genome ( Fig. 2A) , as compared to the 201 characterized in humans (Fig.  2B) . However, the relative number of GTPase genes in each family mirrors that of human GTP-binding families, suggesting a conservation of the overall architecture. The complete list of 256 annotated genes encoding GTP-binding and associated proteins from the sea urchin genome can be found in Table S1 (electronic supplementary material). This listing includes 17 genes for which no evidence of embryonic expression exists (like the strong ortholog to RRP22): seven are found in the Ras family, six in the Rab family, three among the Dynamin-related proteins, and one from the Ras-related proteins. Since expression analysis was restricted to the sea urchin embryo, it is not clear if these unexpressed genes represent pseudogenes or genes expressed only in the adult. In order not to inflate duplicate gene numbers, genes with no evidence of expression were not included in the phylogenomic analyses or total gene numbers discussed below. However, these genes are included in Table S1 , highlighted in italics.
Vertebrate expansions
Analysis of the dynamin superfamily and G-protein Gα subunits revealed large vertebrate gene expansions (Table 1) . These expansions are commonly explained by whole-genome duplication events believed to have occurred with the appearance of vertebrates, as often illustrated by Homeobox genes (Larhammar et al., 2002) . The selection pressures that retain these duplications as active genes might reflect differences, such as in immune systems or between cold-and warm-blooded metabolisms, which resulted in a need to maintain and utilize duplicated genes. Studies of recently duplicated regions of the human genome found that genes with certain functions are more likely to be duplicated than others, among them genes involved in drug detoxification and immunity (Taylor and Raes, 2004) . Consistent with these data, the vertebrate dynamin superfamily expansions largely consist of two apparently novel families, the GBP guanylatebinding proteins and the Mx-like family, both of which are induced by interferons and regulate anti-viral resistance (Praefcke and McMahon, 2004) . Thus, for dynamin and Gα GTPase families, vertebrate duplications expand genomic complexity relative to sea urchin orthologs.
Gα family of G proteins
Gα proteins transduce sensory stimuli such as taste, sight and smell, as well as signals from neurotransmitters and hormones (Wettschureck and Offermanns, 2005) . The heterotrimeric G proteins consist of three subunits, Gα, Gβ and Gγ, although only Gα is a GTPase. Gα is characterized by a high affinity for guanine nucleotide and intrinsic GTPase hydrolysis (Spiegel and Weinstein, 2004) . G protein-coupled receptors (GPCRs, see Raible et al., 2006, this issue) at the plasma membrane are bound to all three G protein subunits, with GDP-bound Gα (Hollmann et al., 2005) . GPCR ligand binding acts as a GEF and results in activated, GTP-bound Gα that can disassociate from the receptor and Gβ/γ subunits, leaving both Gα and Gβ/γ free to interact with effectors (McCudden et al., 2005) . Gα signaling is regulated by GAPs (Regulators of G Protein Signaling or RGSs) and also GoLoco motif proteins which maintain GDP-Gα (AbramowNewerly et al., 2006; Siderovski and Willard, 2005) . This Gα activity cycle is illustrated in Fig. S1 -A.
Gα proteins are typically classified into four major classes: Gα s , Gα i/o/t/z , Gα q and Gα 12/13 . The sea urchin genome contains at least one member of each class (Fig. 3) , including Gα subunits known to be involved in taste (Gα t , gustducin), olfaction (Gα olf ) and neuronal stimuli (Gα o ). G proteins investigation in the sea urchin has focused on fertilization events, with Gα s identified in sperm and Gα s , Gα i , Gα q and Gα 12 in oocytes (Ohta et al., 2000; Voronina and Wessel, 2004b) . Data suggest Gα i positively regulates oocyte maturation (Voronina and Wessel, 2004b) , while activation of Gα s and Gα q is required for Ca 2+ release at fertilization (Voronina and Wessel, 2004a) .
Dynamin superfamily
The large GTPases of the dynamin superfamily are essential regulators of membrane fission and vesicle budding implicated in endocytosis, organelle division, viral pathogen resistance, and cytokine signal transduction (Praefcke and McMahon, 2004; Vestal, 2005) . Classical dynamins possess five domains (Fig. 4A) : a large GTPase domain; a middle domain and a GTPase effector domain (GED), both of which regulate oligomerization; a pleckstrin homology domain (PH); and a proline/arginine-rich domain (PRD) (Danino and Hinshaw, 2001 ). Other superfamily members (the dynamin related proteins) do not possess all five domains and most have their own specific motifs (Fig. 4B ). Dynamin GTPases are characterized by low affinity for guanine nucleotides, particularly GDP, and are predicted to exist as GTP-bound in the cell (Praefcke and McMahon, 2004) . Dynamins do not require GAPs as the GED domain catalyzes GTP hydrolysis (Thoms and Erdmann, 2005) . Oligomerization promotes membrane binding, and the most popular model suggests that subsequent GTP hydrolysis results in a mechanical tightening or "pinching off" of vesicles (Praefcke and McMahon, 2004) . This model of dynamin activity is illustrated in Fig. S1 -B.
The domain structure for each sea urchin dynamin superfamily member was considered, in addition to phylogenetic analysis (Fig. 4C ). Two sea urchin classical dynamins were identified, although only SpDNM2 appears to have all five domains (Fig. 4A) . The second dynamin, SpDNM1, lacks GED, PRD and PH domains, but it is clearly a partial sequence. The sea urchin contains two OPA1 family genes (SpOPA1 and SpOPA1Like), unlike Drosophila and Ciona which possess only one. OPA1 is ubiquitously expressed in vertebrates, although upregulated in retina and brain, and localizes to the mitochondria where it functions in both fusion and division (Praefcke and McMahon, 2004; Votruba et al., 2003) . Very little is known about dynamin GTPases in the sea urchin, although endocytosis of major yolk protein in oocytes is a dynamin-dependent process (Brooks and Wessel, 2004) .
Genomic conservation
Analysis of the SRP/SR family and translational GTPases revealed a pattern of tightly conserved gene number throughout evolution, with no apparent gene duplications (Table 1) . Gene duplications arise in several ways, from duplications of only a portion of a single gene to entire genome duplications (Carroll et al., 2005) . These duplicated genes often begin with duplicate functions to have either the expression domain or functionality drift over time, often coopting a portion of the original gene's function (Hancock, 2005; Hughes, 2005) . If gene expansion is constrained, perhaps by ubiquitous expression or highly specific gene functions, then duplications collapse. This could be one explanation of why translational GTPase and SRP/SR gene numbers display genomic conservation, given the specificity of function and ubiquitous expression of the proteins in these families. It is notable that no potential pseudogenes were identified in these sea urchin families, suggesting that gene expansion may indeed be constrained.
SRP/SR family
The signal recognition particle (SRP) and its receptor (SR) deliver nascent membrane and secretory proteins to the endoplasmic reticulum (ER) translocation machinery (Luirink and Sinning, 2004) . The SRP is composed of a 7S RNA and six associated proteins, while the SR is composed of two subunits SRα and SRβ; although only SRP-54 and the two receptor subunits are GTPases (Pool, 2005) . SRβ is more closely related to Arf family GTPases than to the other two SRP GTPases, which are characterized by low affinity for guanine nucleotide, rapid exchange of GDP and GTP, and the presence of a unique insertion box domain (Egea et al., 2005) . Ribosomal association increases SRP-54 affinity for GTP, and GTP-bound SRP-54 can bind to GTP-bound SRα; in this way, the SRP/ribosome complex is attached to the ER via the SR (Nagai et al., 2003; Pool, 2005) . While SRP-54 and SRα function to direct the nascent chain to the translocon and act as mutual GAPs (Egea et al., 2005; Keenan et al., 2001) , the role of SRβ is not as well understood, although it interacts with SRα only when GTP-bound (Pool, 2005) . This cycle of SRP/SR GTPase activity is illustrated in Fig. S1 -C.
Analysis identified all eight of the SRP/SR family genes in the sea urchin, including the three GTPases (Fig. 5) . The SR has not been studied in the sea urchin, and only cellular localization studies of the SRP (as indicated by the presence of 7S RNA) have been reported (LeBlanc and Infante, 1989; LeBlanc and Infante, 1992) . However, the conserved nature of these genes suggests that they are likely to function as described in other organisms.
Translational GTPases
The translational apparatus involved in eukaryotic protein biosynthesis requires the activity of five GTP-binding proteins. Translational initiation requires two of these GTPases, eIF2 and eIF5B. Initiation factor eIF2 mediates met-tRNA binding to the 40S ribosomal subunit, with start codon recognition causing GTP hydrolysis and dissociation (Asano et al., 2000) . eIF2 is actually a trimer of α, β and γ subunits; the γ subunit contains the G domain (Gaspar et al., 1994) , while the β subunit binds both the GAP protein eIF5 and the GEF protein eIF2B (Das et al., 2001; Proud, 2005; Williams et al., 2001) . Initiation factor eIF5B is required for 60S joining to 40S, with GTP hydrolysis causing its release from the ribosome Londei, 2005) .
Translational elongation also requires two GTPases, eEF1A and eEF2. Elongation factor EF1A controls aminoacyl-tRNA delivery to the ribosomal A site (Lamberti et al., 2004) . Codon recognition triggers GTP hydrolysis, and factor eEF1B acts as its GEF (Browne and Proud, 2002) . Elongation factor eEF2 catalyzes translocation from A and P sites to P and E sites. Its intrinsic GDP release rate is high, and no GEF has been identified; however, phosphorylation of eEF2 inhibits ribosomal association (Kapp and Lorsch, 2004) .
The release factor eRF3 is the only GTPase required during translational termination (Inge-Vechtomov et al., 2003) . eRF3 binds to and stimulates eRF1 activity (to recognize stop codons and terminate translation), and this process can be facilitated by GTP hydrolysis (Kapp and Lorsch, 2004; Salas-Marco and Bedwell, 2004) . Unlike other GTP-binding proteins, eRF3 has little intrinsic GTPase activity, with hydrolysis instead stimulated by the combined presence of the ribosome and eRF1 (Frolova et al., 1996) . The activities of all the translational GTPases are illustrated in Fig. S2 . (For analysis of the entire sea urchin translational apparatus, see Morales et al., 2006, in this issue) .
All seven of the translational GTPase genes have been identified in the sea urchin (Fig. 6) . Additionally, annotation revealed the GTPase elongation factor specific for selenoprotein biosynthesis, SELB (SPU_000506), which is also expressed. This conserved nature of the entire translational apparatus suggests equally conserved mechanics. However, sea urchin eEF1A is associated with the mitotic apparatus (Kuriyama et al., 1990; Ohta et al., 1990) . This connection between translation and cytoskeletal dynamics is worth further investigation, given that eEF1A binds actin and is thought to regulate the cytoskeleton (Gross and Kinzy, 2005) .
Lineage-specific expansions
The last class of GTP-binding proteins analyzed for this study was the Ras superfamily, which consists of five subfamilies and miscellaneous Ras-related genes that have defied further classification. Of the five main families (Ras, Rho, Rab, Arf, and Ran), Ran is a single member family that has been conserved throughout evolution. However, examination of the remaining families revealed that lineage-specific expansions occurred multiple times throughout the Ras superfamily (Table 2 and Fig. 7) . Lineage-specific expansion has been defined as "paralogs produced by duplications of orthologs subsequent to a given speciation event" (Sonnhammer and Koonin, 2002) . Therefore, in this study, these expansions are reflected as echinoderm-specific duplication events for which no direct ortholog exists beyond the ortholog to the gene that was originally duplicated. The lineage-specific expansions found in the Ras superfamily are large duplications consisting of five or more genes that all appear to be actively expressed in the sea urchin. The fact that so many duplications are found and expressed in the Ras superfamily, and not (for instance) in the dynamin superfamily, may have something to do with their size. Gene length appears to be related in part to the probability that a gene will be duplicated, with shorter genes being favored (Taylor and Raes, 2004) . This hypothesis is consistent with both the presence of large-scale duplications in the small (∼ 20 kDa) Ras GTPases and the absence of these duplications in the large (∼100 kDa) dynamins.
We augmented our comparison of Ras superfamily genes by distinguishing between total gene number and the total number of gene orthologs (i.e. sea urchin genes which, according to reciprocal blast and phylogenetic analysis, are clear orthologs of human genes in that family). This distinction separates direct orthologs from genes with no obvious homologs (orphans), as well as genes arising from lineage-specific expansions. Remarkably, with this addition, it is noted that sea urchin ortholog gene numbers correspond to total Drosophila numbers, whereas total sea urchin gene numbers are more comparable to vertebrate gene totals (Table 2 ). This raises the question as to whether ortholog/Drosophila numbers correspond to ancestral gene numbers retained from the last common protostomedeuterostome ancestor. Most signaling pathways in which GTPases are known to function (Wnt, Hedgehog, MAPK, etc.) are conserved across Bilateria, although often used in very different ways (Erwin and Davidson, 2002) . This suggests that these signaling mechanisms, and the GTPases which feature so prominently within them, might represent a vital part of the molecular "toolkit" of the last common bilaterian ancestor.
The Ras superfamily
The small monomeric GTPases comprise the largest class of GTP-binding proteins and are characterized by high affinity for GTP/GDP and low intrinsic GTP hydrolysis (Wennerberg et al., 2005) . Posttranslational modifications are essential for the majority of Ras superfamily GTPases; the most common modification is prenylation, the covalent addition of isoprene lipids, to regulate attachment to membranes (Michaelson et al., 2005; Paduch et al., 2001 ). In addition to GEF and GAP regulation, Rho and Rab family members are also regulated by guanine disassociation factors (GDIs) which sequester proteins in the inactive state, as well as modulate GTPase cytosol/membrane cycling by maintaining GTPases in the cytosol (DerMardirossian and Bokoch, 2005) . The regulation of Ras superfamily lowmolecular weight GTPases is illustrated in Fig. 1 .
The Ran family
Like other organisms, the sea urchin possesses a single Ran GTPase gene. Research shows that Ran localizes mainly to the nucleus, and functional assays reveal a role for Ran in nuclear transport (Stochaj and Rother, 1999) . Current models outline a cycle in which import receptors complexed with Ran-GDP bind substrates in the cytoplasm; once in the nucleus, GTP binding to Ran causes cargo release (Lim et al., 2006; Stochaj and Rother, 1999) . See Fig. S3 -B for Ran GTPase phylogeny.
Other Ras superfamily GTPases
The Ras superfamily includes roughly a dozen monomeric GTPases which do not clearly belong to any of the five main families. In the sea urchin, this category includes a homolog of Ras-dva (Ras with dorsal-ventral anterior localization), originally identified in a Xenopus screen for anterior neural plate genes (Novoselov et al., 2003) . To date, Ras-dva genes have been identified only in vertebrates, although not in humans. In Xenopus, Ras-dva regulates expression of anterior neural plate patterning genes, is a component of anterior ectoderm FGF8 signaling, and results in severe head abnormalities when inhibited (Tereshina et al., 2006) . SpRas-dva appears to be the first invertebrate homolog discovered (although this is not clear). See Fig. S3 -C for phylogenetic analysis of Ras-related GTPases.
The Rho family
Rho family members are arguably the most widely studied Ras superfamily GTPases. Approximately 1% of the human genome is estimated to code for genes that regulate or directly interact with Rho GTPases (Jaffe and Hall, 2005) . The family is distinguished from other Ras superfamily members by a Rhospecific insert region not found in other small GTPases (Zong et al., 2001) . Typically, Rho GTPases function to transduce extracellular signals in a large variety of biological processes. Traditionally identified as regulators of the actin cytoskeleton and cell adhesion, Rho family members also function in gene expression, microtubule assembly, lipid metabolism, cell cycle progression, and cell polarity (Jaffe and Hall, 2005; Marinissen et al., 2001; Wennerberg et al., 2005) .
Only two Rho GTPases have been investigated in the sea urchin. Studies of Cdc42 suggest that it functions to regulate actin assembly in sea urchin eggs (Nishimura and Mabuchi, 2003) . More research exists on RhoA, which is required during early fertilization events in the egg (Covian-Nares et al., 2004; Manzo et al., 2003) and localizes to the cleavage furrow in a microtubule-dependent manner (Bement et al., 2005; Nishimura et al., 1998) . After cleavage, RhoA regulates the initiation of invagination movements during sea urchin gastrulation .
Analysis revealed a sea urchin RhoBTB3 ortholog not found in either Drosophila or Ciona. RhoBTB proteins apparently diverged from other Rho GTPases very early during evolution and are characterized by protein-protein interaction BTB (Broad-Complex, Tramtrack, and Bric à brac) domains (Ramos et al., 2002) . The functions of the three vertebrate RhoBTB proteins are not well understood, although RhoBTB2 was identified as a tumor suppressor (Hamaguchi et al., 2002) and functions in ubiquitin ligase-mediated degradation (Wilkins et al., 2004) . RhoBTB3, on the other hand, is often not deemed a Rho GTPase since its GTPase domain differs enough to cast doubt on its functionality (Aspenstrom et al., 2004) . However, it has been included in this in silico study based on the phylogeny, which clades RhoBTB3 with other RhoBTBs (Fig. 7A) . Both Drosophila and Ciona have a single RhoBTB homolog which, along with sea urchin RhoBTB1, cluster with human RhoBTB1 and RhoBTB2. HsRhoBTB3 is divergent from these genes and is thought to have arisen from a separate duplication event (Ramos et al., 2002) , making the presence of an early deuterostome ortholog evolutionarily important.
Phylogenomic analysis of the entire Rho family exposed a pattern of genomic complexity in the sea urchin defined by lineage-specific expansions and multiple family orphans (Fig.  S4-B) . The sea urchin possesses six Rho family orthologs, with a single Rho ortholog (SpRhoA) as compared to the three Rho Table 2 Gene numbers for Ras Superfamily GTPases Note. These comparisons are for each Ras GTPase family, excluding Ran. Total sea urchin ortholog numbers compare to total Drosophila numbers (in green). Adding urchin-specific gene duplications increases total gene numbers so they are now comparable to human totals (pink). (For interpretation of the references to colour in this table legend, the reader is referred to the web version of this article.) proteins in vertebrates (HsRhoA, HsRhoB, and HsRhoC). However, analysis revealed a RhoA-like cluster, which contains six genes including the RhoA ortholog. These apparently arose via several "nested" sea urchin-specific duplication events (Fig. 7A ). This expansion, combined with four sea urchin Rho family orphans, a Cdc42 paralog, and two Rnd paralogs, increases the total Rho GTPase number to 20, comparable to vertebrate numbers (Table 2) .
Like all GTPases annotated in this study, tiling array analysis suggests SpRhoA and the five RhoA-like genes are expressed embryonically, with SpRhoA, SpRhoL1, and SpRhoL4 expressed at the highest levels (Samanta et al., 2006) . Possible functionality of these genes was also assessed by protein motif comparison (data not shown). RhoA contains a phosphate binding loop, two conformational switch regions involved in nucleotide binding and effector binding, two loops critical for nucleotide recognition, and the Rho insert region (Paduch et al., 2001) . Examination revealed that SpRhoA and SpRhoL1-3 amino acids are highly conserved in all six motifs, excepting several missing residues from the SpRhoL2 Switch I region. SpRhoL4 and L5 were also highly conserved in their retained motifs but contain apparent N-terminal deletions; SpRhoL4 has no phosphate binding loop, while SpRhoL5 additionally lacks both switch regions. All six RhoA genes possess a C-terminal CAAX prenylation motif (CxIF consensus). These observations are consistent with the functional gene expression of SpRhoA and SpRhoL1-4, and they suggest that at least SpRhoL5 may be an incomplete gene model.
The Rab family
By far the largest component of the Ras superfamily, Rab GTPases have critical roles in intracellular vesicular transport and protein trafficking, membrane budding and fusion, and motor protein recruitment (Jordens et al., 2005; Wennerberg et al., 2005) . Rab family members localize to specific intracellular membranes rather than the plasma membrane as is common for Ras and Rho GTPases, making Rab proteins useful as organelle markers from endosomes to the Golgi (Ali and Seabra, 2005; Stenmark and Olkkonen, 2001) . Rab GTPases are characterized by several Rab-specific regions called RabF and RabSF (Ali and Seabra, 2005) ; and they have their own regulatory proteins, Rab escort proteins (REPs). REPs recognize newly synthesized Rab-GDP to assist in prenylation and ensure the hydrophobic Rab proteins stay soluble until reaching the appropriate membrane (Stenmark and Olkkonen, 2001) . After GTP hydrolysis, GDIs recycle Rab GTPases back to their original compartment membrane (Goody et al., 2005) . Rab GDIs recognize mature, prenylated Rab-GDP and direct multiple rounds of recycling between starting and target membranes (Seabra and Wasmeier, 2004) .
Two sea urchin Rab GTPases, named after their human orthologs, have been investigated. The localization of Rab10 suggests it operates in the cis-Golgi network (Leaf and Blum, 1998) , although no functional studies were performed. More is known about Rab3, which regulates cortical granule exocytosis at fertilization (Conner and Wessel, 1998) . Additionally, Rab3 perturbation during cleavage interferes with cell division (Conner and Wessel, 2000) . Consistent with vertebrate roles, throughout sea urchin embryogenesis, Rab3 is enriched in areas with known or suspected secretory function (Conner and Wessel, 2001 ). Annotation of the sea urchin Rab family identified four Rab orthologs apparently not found in either Drosophila or Ciona. Of these, little is known about the functions of Rab31, Rab7L1, or Rab24. However, Rab15 mediates early endocytic events in cell culture (Zuk and Elferink, 2000) . The large diversity of sea urchin Rab genes underlies the importance of this family in cellular homeostasis. See Fig. S5 for phylogenetic analysis of the entire Rab family.
The same pattern of genomic complexity observed for Rho GTPases was seen in the Rab family. The sea urchin has 35 vertebrate orthologs, including a single Rab22 ortholog (SpRab22) of two human genes, HsRab22a and HsRab22b. Here, a sea urchin-specific Rab22-like cluster of four genes (Fig. 7B ) displays the nested duplication pattern of the RhoA cluster. A fifth Rab22-like gene can be found parallel to this cluster. Additionally, within the Rab22 clade is HsRab31, to which the sea urchin has an ortholog (SpRab31). Since neither Ciona nor Drosophila appear to have a similar ortholog, SpRab31 could be considered part of the Rab22-like cluster. This lineage-specific expansion, combined with six sea urchin Rab family orphans and a large number of sea urchin-specific paralogs (for SpRab5, SpRab10, SpRab21, SpRab23, SpRab28, SpRab30, and SpRab32 genes), results in a total of 53 sea urchin Rab GTPases. This number is more comparable to the 63 human Rab genes than is the number of sea urchin orthologs alone ( Table 2 ).
The Arf family
The Arf family of small GTPases may have given rise to the entire class of monomeric and heterotrimeric G proteins, as organisms which have no other Ras or Gα GTPases possess Arf proteins (Kahn et al., 2005) . Family members are characterized by an Arf-specific region containing a myristoylation motif (Burd et al., 2004) . As with the Rab family, Arf GTPases have roles in membrane trafficking, regulating many related biological process such as secretion, endocytosis, microtubule dynamics, and phagocytosis (Kahn et al., 2005; Wennerberg et al., 2005) . Annotation failed to reveal a sea urchin homolog in the Arl5/8 cluster. This clade containing vertebrate Arl5 and its paralog Arl8 (also known as Arl5A and Arl5B) includes a single homolog from both Drosophila (DmArl5) and Ciona (CiArl8), which the sea urchin has apparently lost. Although the function of these proteins has not been characterized, studies show that Arl5 localizes to nuclei and nucleoli and binds heterochromatin (Lin et al., 2002) . See Fig. S3 -A for phylogenetic analysis of the entire Arf family.
The pattern of genomic complexity in the Arf family is similar to that of Rho and Rab families, although with slight alterations, such as the lack of abundant family orphans. Here, an ARL11 lineage-specific expansion has occurred, but without the former nested pattern (Fig. 7C) . The sea urchin Arf family has 14 orthologs to vertebrate family members, including the single ortholog to human ARL11. However, the sea urchin possesses an additional five ARL11-like genes (SpARL11L1-5). All but one of these, which seems to have a Ciona ortholog, appear to be sea urchin-specific genes that increase gene complexity in the Arf family in combination with two Arf1 paralogs and a single paralog to ARL2L1.
The Ras family
Ras GTPases are the founding members of the Ras superfamily and have received much notoriety as powerful oncogenes (Malumbres and Barbacid, 2003) . It is therefore surprising that a few Ras family members (such as Rerg) have been revealed as tumor suppressors (Finlin et al., 2001) . Ras proteins typically function as transducers of extracellular signals, downstream of intermediates such as receptor tyrosine kinases (see Lepage et al., 2006, this issue) , although the signals, receptors, and effectors vary widely among cell types (Bos, 1992; Wennerberg et al., 2005) . Ras GTPases are involved in such biological processes as proliferation, cell differentiation, cell cycle progression, apoptosis, cell adhesion, T-cell development, and calcium channel signaling (Ehrhardt et al., 2002; Kelly, 2005) .
Sea urchin orthologs of both M-Ras and Ris were identified, although neither has been reported for Drosophila or Ciona. Ris was first identified in the vertebrate iris but is expressed in many tissue types, although its function is not well characterized (Wistow et al., 2002) . Initially identified in muscle, M-Ras is also expressed in many cell types. M-Ras likely functions in growth and proliferation as M-Ras is overexpressed in many cancers and M-Ras activation leads to transformation (Ehrhardt et al., 2004; Guo et al., 2006) . Sea urchin M-Ras, like all M-Ras homologs, shares a strong similarity to Ras family member TC21 (Kimmelman et al., 1997) , for which no sea urchin ortholog was identified. Since Ciona and Drosophila both possess TC21 (R-Ras2) orthologs, but no M-Ras (R-Ras3) orthologs, this provides each non-human species with a single gene in this R-Ras clade. See Fig. S4 -A for phylogenetic analysis of the entire Ras family.
The pattern of genomic complexity seen in the Arf family was also found in the Ras family. The 14 sea urchin Ras family orthologs include the SpRerg ortholog to HsRerg. However, a lineage-specific expansion of six additional Rerg genes (SpRergL1-6) was identified in the sea urchin (Fig. 7D) . Again, although one of these may have a Ciona ortholog (SpRergL4, according to Bayesian analysis), five of these Rerglike genes seem to have arisen as sea urchin-specific duplications. When combined with two Ris paralogs, a single Ras family orphan (SpRasO) and a single Rheb duplication (also seen in Ciona), the total sea urchin Ras family numbers 23 and is now comparable to vertebrate numbers (Table 2) .
Rho family regulators
The prevalence of large lineage-specific expansions throughout the Ras superfamily raised the question of whether a similar analysis of superfamily regulatory proteins would reveal parallel duplications. Monomeric GTPases are largely regulated at the protein level not the transcriptional level, and their regulators are found in two-to three-fold excess of GTPase numbers. For instance, humans have 21 Rho family genes but have 74 Rho-specific GEFs, 54 Rho-specific GAPs, and 3 RhoGDIs (based on domain architecture). Due to the sheer number of regulators, analysis of GTPase regulatory genes was limited to the Rho family, which was also chosen because the best example of a sea urchin-specific gene expansion is perhaps the SpRhoA gene duplication cluster. These genes were investigated to determine whether any corresponding lineagespecific expansions exist for Rho family regulators which correlate with the observed RhoA expansion.
In the sea urchin, 78 Rho family regulatory proteins were identified, and all appear to be expressed (Table 3) . Traditionally, the GEFs specific to Rho family GTPases are identified by a Dbl homology (DH) domain adjacent to a pleckstrin homology (PH) domain (Whitehead, 2004) . However, proteins with CZH (CDM-zizimin homology) domains recently were characterized, which contain no DH domain but still function as Rho-specific GEFs (Meller et al., 2005) . From the sea urchin genome, 34 DH domain and seven CZH domain genes have been identified (Fig. S6) . Interestingly, no lineage-specific expansions in Rho GEFs were found. No duplications at all were found among the sea urchin CZH genes, while only four DH domain genes have been duplicated, as shown in Fig. 8A . Of these, SpFLJ46688-L1 and -L2 are homologs of a hypothetical human gene (also found in Ciona, C. elegans, and chimpanzee), for which no functional data have been reported. However, the other three duplicated sea urchin RhoGEFs (SpTrio, SpRhoGEF11, and SpFARP or Cdep) are known to have specific affinities for RhoA over other family members, although Trio is a dual specificity gene with two DH domains, one each for RhoA and Rac (Debant et al., 1996; Rossman et al., 2005) .
RhoGAP proteins are also characterized by a consensus domain (the RhoGAP domain), which mediates GTP hydrolysis specifically for Rho GTPases (Scheffzek and Ahmadian, 2005) . Only five duplications events are found within the RhoGAPs (Fig. 8B) , of which four are single paralogous pairs. None of these has any known specificity for RhoA. OCRL1 has not demonstrated GAP function in vitro, while both Chimaerin beta (CHN2) and GRF1 catalyze either Rac or Cdc42 (Jenna and Lamarche-Vane, 2004) . RhoGEF21 (or ARHGAP10) has recently been shown to function as a Cdc42 GAP that localizes to the Golgi (Dubois et al., 2005) . However, the fifth RhoGAP duplication event is a small lineage-specific expansion of SpRhoGAP24, highlighted in green in Fig. 8B . RhoGAP24 (or p73RhoGAP) has been shown to be RhoA-specific and is Table 3 Gene numbers for Rho family regulators Note. Total gene numbers for RhoGEFs (highlighted in dark gray) are given for both DH and CZH domain containing genes. This analysis of regulatory gene totals reveals vertebrate expansions not seen in the other organisms. required for angiogenesis (Su et al., 2004) . (The complete phylogeny of RhoGAPs can be seen in Fig. S7 ).
This analysis of genomic complexity among Rho family regulators reveals that the large scale (5+) GTPase gene expansion observed within the Rho family does not correspond to any parallel large scale expansions in Rho regulatory genes. Instead, comparison of sea urchin Rho family regulator gene numbers with Drosophila, Ciona, and humans supports the model of vertebrate gene expansion (Table 3) . However, it is intriguing that the single RhoGEF duplication events were for proteins with known affinities for RhoA, while the only observed lineage-specific regulatory expansion was also for a RhoA-specific RhoGAP. These results provide consistent support that the lineage-specific GTPase expansions identified in this in silico survey are a mechanism of generating diversity in this family.
Further support is gained from analysis of tandem duplications among sea urchin GTPases. Gene duplications frequently arise from tandem repeats, which are thought to be one of the most common methods for generating new genes (Reams and Neidle, 2004) . No evidence of tandemly arrayed sea urchin genes was found among the conserved SRP/SR and translational GTPases. The Gα and dynamin families, which display vertebrate expansions and reduced sea urchin genomic complexity, both had low tandem duplication levels. A single tandem repeat was identified among sea urchin Gα genes, and although the dynamin superfamily possesses two tandem repeats, only one of those four genes appears to be expressed in the sea urchin (see Table S1 ). On the other hand, in the Ras superfamily where the incidence of sea urchin-specific duplication is high, seven tandem repeats were identified. Of these, three repeats (six genes) are located in the Rho family, with four of the genes corresponding to the RhoA gene cluster (Table S1 ). Together, the data revealed during this study provide evidence suggesting that lineage-specific expansions are a driving force behind genomic complexity among sea urchin Ras superfamily members.
Detailed studies of these gene expansions should richly augment our understanding of GTPase function and evolution. Take, for example, the RhoA-like gene duplication cluster uncovered in this investigation. Zebrafish and Xenopus studies highlight an essential role for RhoA in regulating convergent extension events during gastrulation (Marlow et al., 2002; Tahinci and Symes, 2003) . However, studies of sea urchin gastrulation revealed that RhoA regulates invagination movements but is not involved in later convergent extension events . This dichotomy was previously explained by postulating RhoA regulation of invagination might be the ancestral function, as Rho1 functions mainly in invagination events during Drosophila gastrulation (Hacker and Perrimon, 1998) . This argument implies that vertebrate RhoA convergent extension regulation is a recently acquired function. But given that newly duplicated genes are prone to co-opt part of the original gene's function, the presence of RhoA gene duplications suggests an alternative possibility. Perhaps after duplication, one or more of the RhoA-like GTPases assumed regulation of convergent extension during sea urchin gastrulation, leaving the RhoA ortholog to regulate invagination. Investigating possibilities such as these is a large incentive for pursuing functional studies of sea urchin lineage-specific expansions. Fig. 8 . Phylogenetic analyses of sea urchin duplications in Rho family regulators. Neighbor-joining trees for a subset of (A) RhoGEFs (DH domain containing) and (B) RhoGAPs. Confidence values were calculated using neighbor-joining (green) and maximum parsimony (blue). The SpRhoGAP24 gene cluster is highlighted in green. Strongylocentrotus purpuratus (Sp) genes are in red. TIAM2 genes (RhoGEFs) and RacGAP1 genes (RhoGAPs) were outgrouped. Scale bar equals amino acid substitutions per site.
Intriguingly, a cluster of six Rac-like genes in Ciona (Philips et al., 2003) , with one clear ortholog to sea urchins, and an apparently Drosophila-specific clade of six Rab GTPases (which includes DmRab9D and DmRabX2) suggest that lineage-specific expansions have been an integral component of genomic complexity in the Ras superfamily throughout evolution (see Figs. S4-B and S5 ). Generating complexity in this manner is certainly not limited to the Ras superfamily, however. Lineage-specific expansions of guanylyl cyclases have been described for sea urchins and other echinoderms (Fitzpatrick et al., 2006) , while annotation has revealed at least one major lineage-specific expansion in sea urchin receptor protein tyrosine phosphatases (see Byrum et al., 2006, in this issue) . A survey of five eukaryotic genomes (yeasts, plants, fly and worm) found lineage-specific expansions are typically abundant among signaling pathway components (including kinases, phosphatases and ATPases) and proposed it is these duplications which enable organisms to utilize the same signaling toolkit for wildly different functions (Lespinet et al., 2002) . Taken together, these studies provide compelling evidence that lineage-specific expansions are an essential component of genomic complexity in signal transduction.
